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NATURAL RESOURCES MANAGEMENT FOR SUSTAINABLE AGRICULTURE 
I N  THE SUDANO-SAHELIAN ZONE 
M.V.K. S ivakumar ,  C. Renard.  H.C. K l a i j ,  B.R. N,tare, 
L.K. F u s s e l  and  A. B a t i a n o  
I .  INTRODUCTION 
The S u d a n o - S a l ~ e l l a n  zone  (SSZ) o f  West A f r i c a  e x t e n d s  o v e r  s e v e r a l  
c o u n t r i e s  f rom S e n e g a l  and Gamhia i n  t h e  wes t  t o  Chad i n  t h e  e a s t .  With a  
growing s e a s o n  l e n g t h  v a r y i n g  from 60-150 d a y s ,  i t  o f f e r s  a  r a n g e  o f  
g rowing  c o n d i t i o n s ,  b ~ ~ t  a  l a r g e  p a r t  o f  t h e  r e g i o n  f a l l s  under  120 d a y s  of 
g rowing  s e a s o n  (S lvakumar ,  1989a) .  S u b s i s t e n c e  a g r i c u l t u r e  is  t h e  main 
mode o f  l l v e l i h ~ ~ o d  i n  t l ~ i s  r e g i o n  s l n c e  90% of t h e  p o p u l a t i o n  l i v e s  i n  
v i l l a g e s .  Extended d r o u g h t s  s i n c e  1969 and s u c c e s s i v e  c r o p  f a i l u r e s  
r e s u l t e d  i n  a  d e c l i n e  i n  t h e  p e r  c a p i t a  food p r o d u c t i o n .  Hence s u s t a i n a b l e  
a g r i c u l t u r e  t o  f e e d  L l~e  g rowing  p o l > u l a t i o n a  h a s  become a n  i s s u e  o f  ma jo r  
conce rn .  
I n  t h e  SSZ t r a d i t i o n a l  s y s t e m s  of a g r i c u l t u r e  which t h r i v e d  f o r  
c e n t u r i e s ,  were  based  on a  d e l i c a t e  b a l a n c e  between c r o p  p r o d u c t i o n  and 
e c o l ~ g i c a l  r e c y c l i n g  o f  n u t r i e n t s  t h r o u g h  l o n g  f a l l o w  p e r i o d s  and s h i f t i n g  
c u l t i v a t i o n .  However, w i t h  t h e  increasing need t o  f e e d  t h e  r a p i d l y  growing 
p o p u l a t i o n  i n  t h e  r e g i o n .  f a l l o w  p e r i o d s  have  v i r t u a l l y  d i s a p p e a r e d  and 
r a n g e l a n d s  were pu t  t o  c r o p p i n g  b r i n g i n g  more m a r g l n a l  l a n d s  under  
c u l t i v a t i o n .  These  p r a c t i c e s  have  r a i a e d  c r i t i c a l  q u e s t i o n s  a s  t o  how l o n g  
t h e s e  a r e a s  c a n  be k e p t  ' p r o d u c t i v e .  The o n l y  way t o  s u s t a i n  p r o d u c t i v i t y  
i n  t h e s e  a r e a s  is t h r o u g h w s e  o f  a  p r o d u c t i o n  s y s t e m  which i s  based  on 
c o n s e r v a t i o n  and e f f i c i e n t  u s e  o f  t h e  n a t u r a l  r e s o u r c e s .  T h i s  paper  
r e v i e w s  t h e  ma jo r  c o n s t r a l n t e  o f  n a t u r a l  rrsnlrrcc: I IRC f o r  ~ 1 1 ~ t ~ l f l f l I ~ I ~  
a g r i c u l t u r e  i n  t h e  SSZ and d e s c r i b e s  s e v e r a l  a s p e c t s  of n a t u r a l  r e s o u r c e  
malIagrmr!it I I S I I I ~  a  c a r i ~  s t u d y  From t h e  ICRISAT S a h e l i a n  C e n t e r  l o c a t e d  a t  
Sadore i n  Niger .  
2 .  HAJOR SOIL AND CLIMATIC CONSTRAINTS FOR SUSTAINABLE AGRICULTURE I N  THE 
SUDANO-SAHELIAN ZONE 
2.1 Extreme v a r i a b i l i t y  of R a i n f a l l  i n  Time and Spoce : As i s  common w i t h  
tlie a e m t - a r l d  t r o p i c a l  r e g i o n s  e l s e w h e r e  i n  t h e  w o r l d ,  r a i n f a l l  i n  t h e  SSZ 
l s  low, v n r l a b l e  n~ id  tnndepelldable. C e r t a i n  c h a r a c t e r i s t i c s  of  r a i n f a l l  i n  
t h i s  zone a r e  a s  i o l l o w s  : 
a )  RalnCnll  i n  L l ~ r  SSZ i s  monomodal wit11 t h e  r a i n s  c o n c e n t r a t e d  i n  a  
s l lo r t  1 , e r io~ l  of 3.14 moritlifi. T h i s  i s  lo l lowed  by a  l o n g ,  d r y  s e a s o n  f o r  t h e  
r e s t  of Ll~e y e a r .  A g r i r u l t u r e  i n  t h e  SSZ, which is p redominan t ly  r a i n f e d ,  
r e l i e s  1tc.lvlly uli tile ~ l m e l y  o n s e t  o f  r a i n f a l l  and i t s  r e g u l a r  d i s t r i b u t i o n  
t l ~ r o u g h  Llie r a i n y  s e a s o n .  
b)  Temporal and s p a t i a l  v a r i a t i o n s  o f  r a i n f a l l  a r e  s o  l a r g e  t h a t  
a , : r i cu l tu r . j l  sys t ems  111 t h e  marg ina l  c o n d i t i o n s  become v u l n e r a b l e  t o  such 
v n r i a t l u n s .  Ali~rual r d i n f n l l  v a r i a t i o n s  aL t h r e e  l o c a t i o n s  i n  t h e  SSZ ( f i g .  
I )  i l 1 u s t r n L e s  t i l l s  problem c l e a r l y .  Years  wi th  v e r y  h i g h  r a i n f a l l  cou ld  
I P  f o l lowed  q \ ~ i c k l y  by below-average r a i n f a l l  y e a r s .  The c o e f f i c i e n t  of 
v a r i a t i o n  (CV) of a n r ~ u a l  r a i n f a l l  r a n g e s  between 15-30%. 
C )  V a r i a b i l i t y  i n  t h e  monthly r a i n f a l l  i s  much l a r g e r  s i n c e  t h e  r a i n f a l l  
is u s u a l l y  l i m i t e d  t o  t h e  summer months i . e .  May t o  Oc tober .  T h i s  can be 
neen from t h e  v a r i a t i o n  i n  t h e  molithly and a n n u a l  r a i n f a l l  a t  F i l i n g u e ,  
Niger  from 1931 t o  1988 ( F i g .  2 ) .  
d )  An i m p o r t a n t  f e a t u r e  o f  t h e  Sudono-Sahel ian r a i n f s l l  is t l ie  magn i tude  
and o f  tlie r a i n f a l l  d e v l a t l o n s .  Below normal  r a l n f a l l  c o u l d  p e r s l s t  
f o r  10-20 y e a r s .  T h i ~  c a n  be c l e a r l y  s e e n  f o r  F i l i n g u e  ( F i g .  2 )  where 
r a i n f a l l  d e v i a t i o n s  exceeded  50% o f  t h e  mean r a i n f a l l .  
e )  R a i n f a l l  d e v i a t i o n s  a r e  common o v e r  many semi -a r id  r e g i o n s  o f  t h e  
world.  The SSZ o f  West A f r i c a  however,  i s  u n i q u e  because  o f  t h e  wide  
s p r e a d  n a t u r e  o t  t h e  r a l n l a l l  f l u c t ~ ~ a t i o n s .  Nicho l son  (1980)  termed t h i s  
f e a t u r e  a s  " p r e f e r r e d  g e o g r a p h i c  p a t t e r n " .  For  example ,  t h e  r e d u c t i o n  i n  
t h e  menn a n n u a l  r a i n f a l l  i n  Nlge r  a f t e r  1969,  was a  g e o g r a p h i c a l  mean 
p a t t e r n ,  n o t  an i s o l a t e d  o r  p a t c l ~ y  o c c u r r e n c e  (S ivakumar ,  1989a) .  
2 .2  D i v e r s i t y  o f  S o i l s  and Problems w i t h  S o i l  Management T r a d i t i o n a l  
A g r i c u l t u r e  : Most c l i m a L i c  z o n a t l o n  schemes a r e  based upon  natural 
v e g e t a t i o n  and t h i s  i s  t r u e  i n  Lhe c a s e  o f  SSZ a s  w e l l .  The u s e  of t h i s  
t e r m  d a t e s  back t o  C h e v a l l l e r  (1933)  who f i r ~ t  used Lhe t e r m s  "Sahe l i an"  
and "Sudan ian" ,  w i t h  r e f e r e n c e  t o  t h e  n a t u r a l  v e g e t a t i o n  p a t t e r n s .  These 
deve loped  from t h e  n o r t h - s o u t h  muvement of  t h e  I n t e r t r o p i c a l  Convergence 
Zone,  t h e  principal r a i n  h r i n g i n g  mecl~anism i n  West A f r i c a .  L a t e r  
A u b r e v i l l e  (1949 )  r e c o g n i z e d  t h a t  t h e s e  c l i m a t i c  zones  a r e  e s s e n t i a l l y  
t r a n s i t o r y  I n  n a t u r e  and proposed t h e  t e rms  "Sa l i e lo -Sahar l an" ,  and 
'Sahe lo  S u d a n i a r ~ "  zones .  A f t e r w a r d s  s e v e n  d i f f e r e n t  r d l n f a l l  l i m i t s  have 
been proposed f o r  d e l i n e a t i n g  t h e  S a l i e l i a n  and Sudan ian  zones  (Sivakl lmar,  
1989a) .  
One o f  t h e  b a s i c  p rob lems  w i t h  t h e  u s e  o f  broad c l i m a t i c  zones  s u c h  a s  
SSZ f o r  s u s t a i n a b l e  a g r i c u l t u r e  is t h a t  i t  may convey a  s e n s e  o f  
homogenei ty.  In r e a l l t y ,  t h e  t e r m  SSZ h i d e s  a d i v e r s i t y  o f  c r o p  g rowing  
e n v i r o n m e n t s .  Eve11 i f  t h e r e  i s  a o  ag reement  on t h e  r a i n f a l l  l i m i t s  t h a t  
cou ld  be u s e d ,  w a t e r  a v a i l a b i l i t y  f o r  c r o p  g rowth  s h o u l d  t a k e  i n t o  a c c o u n t  
n o t  j u s t  r a i n f a l l ,  bu t  p o t e n t i a l  evapotranspiration and s o i l  t y p e s  a s  w e l l .  
From Lhe p o i n t  s u s t a i n a b i l i i y  t l ~ e r e f o r e ,  i t  I s  impor tan t  t o  
recoj:~l iae l l le  d l v e r s i L y  o f  s o l l s  i n  t h e  SSZ. Major s o i l  t y p e s  and t h e i r  
e x t e n t  111 t l ~ e  S S Z ,  cuml>uted f r o ?  Lhe s o i l s  map of  A f r l c a  (FAO-UNESCOM 
1977).  n r e  sl~owrl In Table-I. 
A e r o ~ ~ o s o l s  . I T X I  I.uviso1 a r e  t h e  two major  s o i l  t y p e s  i n  t h e  SSZ 
a c c o ~ r t ~ L I l ~ g  f o r  5 0 %  01 tlie t o t a l  a r e a .  There a r e  impor tan t  d i f f e r e n c e s  i n  
Lhe ~ ~ l ~ y s i c a l  arid cllplnical c l ~ a r a c t e r i s t i c s  of t h e s e  s o i l s  a s  d e s c r i b e d  by 
Slvnkun~ar (198Yb). 
2.7.1 Poor management of  s o i l  f e r t i l i t y  : Aeronoso la  a r e  low i n  
o r g a ~ i l r  m a t t e r ,  N and P. The s o i l s  a r e  ve ry  s a n d y ,  and t h e  o r g a n i c  m a t t e r  
.ind cn t lo t i  e x c l ~ n ~ ~ g e  c a p o c i t y  o l  t h e s e  s o i l s  i s  low. Wlth t h e  reduced r a t i o  
l11r l e ~ ~ j ! l l l  o f  f a l l o w s  Lo c ropp ing  y e a r s  i n  t l le  S S Z ,  s o i l  f e r t i l i t y  h a s  
I?een ~ l e c l  t~in):. According t o  Mudahar ( I Y f J b ) ,  a v e r a g e  uae of  f e r t i l i z e r s  i n  
t l ~ e  sorglium and m i l l e t  g rowi r~g  c o u n t r i e s  of  West A f r i c a  was o n l y  5 kg lha .  
111 1 1 1 ~  nbsetlce o l  ad<lerl manure o r  l e r t i l i z e r s  011 t h e s e  poor s o i l s ,  t h e  
ral?L<I d ~ c 1  Lnr I n  t h e  p r o d u c t i v i t y  under c o n d i t i o n s  of  c o n t i n u o u s  c r o p p i n g  
LlireaLens s i l s t n l n a h l e  a g r i c u l t u r e  i n  t h i s  r eg ion .  
2 . 2 . 2  I . imited,  un t imely  s o i l  management p r a c t i c e s  : R a i n f a l l  i n t e n s i t i e s  i n  
t h e  S T %  a r e  mucli g r e a t e r  i n  t h e  t empera te  and s u b t r o p i c a l  zones  and pose 
special problems i n  a g r i c u l t u r a l  management and s o i l  c o n s e r v a t i o n .  
A l t l l r ~ i ~ g I ~  a l i p r o p r i a t ~  s o l 1  and wate r  management p r a c t i c e s  a r e  c r u c i a l  f o r  
making e f l i c i e n t  use o f  t h e  l i m i t e d  r a i n f a l l ,  a t  t h e  farm l e v e l  s o i l  
managemerlt p r a c t i c e f i  a r e  v l r t u a l l y  unkndwn. I n  a  major  p a r t  of  t h e  millet 
growing r e g i o n  1.n t h e  SSZ,  use  of  an imal  t r a c t i o n  f o r  p r e p a r a t o r y  
~ , j l t j v n t i o ~ i  i s  no t  common end t h e  s o i l s  a r e  seldom plowed (Spencer  and 
Slvakumar,  1987) .  On f i o i l s  t h a t  a r e  h a r d  and c r u s t y ,  non-adoption o f  s o i l  
t i l l a g e  r e s u l t s  i n  low i n f i l t r a t i o n  r a t e s  and r u n o f f ,  and i n  low w a t e r  use 
e f f i c i e n c i e s .  P e r r i e r  (1986) i n  Burkina Faso e s t i m a t e d  t h e  s u r f a c e  r u n o f f  
l o s s e s  t o  v a r y  from 40 t o  80% of t h e  annua l  r a i n f a l l .  
2.3 Tempera tu res  and Wind E r o s i o n  l e a d  t o  Problems of Crop 
E s t a b l i s h m e n t  : Environmeri tal  c o n d i t i o n s  d u r i n g  t h e  s t a g e  of c r o p  
e s t a b l i s h m e n t  i n  t h e  SSZ, s p e c i a l l y  i n  t h e  low r a i n f a l l  a r e a s ,  a r e  u s u a l l y  
h a r s h  s i n c e  t h e  sowing r a i n s  f o l l o w  a  long  and h o t  d r y  season .  A i r  
t e m p e r a t u r e s  111 t h e  SSZ a r e  t ~ f i o a l l y  h i g h e r  because  o f  t h e  l l i g l ~  r a d i a t i o n  
load .  From a o u t h  t o  n o r t l ~  t e m p e r a t u r e s  i n c r e a s e  and r a l n f a l l  d e c r e a s e s .  
From t h e  . ~ n a l y s t s  of  t h e  f requency  d i s t r i b u t i o n  o f  a i r  t e m p e r a t u r e s ,  
0  
Sivakumar f 198Ya) showed t h a t  mean maximum t e m p e r a t u r e s  cou ld  exceed 40 C 
a t  t h e  t ime  of sowing and t h a t  a b s o l u t e  t e m p e r a t u r e s  cou ld  be much h igher .  
During t h e  d r y  s e a s o n ,  and i n  d r y  s p e l l s  d u r i n g  c r o p  e s t a b l i s h m e n t ,  when 
t h e  s u r f a c e  s o i l  is  b a r e  and d r y ,  t h e  f i e l d s  a r e  s u s c e p t i b l e  t o  wind 
e r o s i o n .  Moving sand p a r t i c u l a r l y  a f E e c t s  c r o p  e s t a b l i s h m e n t  by damaging 
t h e  s e e d l i n g s  by "sand b l a s t i n g "  and bury ing .  In  a d d i t l o l l ,  d u r i n g  s e e d l i n g  
0 
establishment p e r i o d ,  s o l 1  t eml re ra tu re  a t  a  d e p t h  o f  5 cm can  reach  42  C on 
a  sunny dny f o l l o w i n g  r a l n  ( K l a l J  end S e r a f l n l ,  1988).  Under t h e s e  
c o n d i t i o n s ,  s e e d l i n g  d e a t h  i s  q u i t e  common l e a d i n g  t o  sub-optimal  p l a n t  
s t a n d s  and r e p l a n t i n g  o v e r  l a r g e  a r e a s .  
E f f e c t i v e  and s t a b l e  soil and c r o p  management p r a c t i c e 6  i n  t h e  
d rought -p rone  SSZ can  be deve loped  w i t h  a n  u n d e r s t a n d i n g  of  t h e  environment 
and i t s  v a r i a b i l i t y .  S e v e r a l  a s p e c t s  of  n a t u r a l  r e s o u r c e  management f o r  
s u s t a i n a b l e  a g r i c u l t u r e  have  been d e s c r i b e d  u s i n g  a  c a s e  s t u d y  a t  ISC. 
3.1 A l ~ a l y s i s  o f  R a i r ~ f a l l  Data f o r  D e r i v i n g  E f f e c t i v e  Croppinu S t r a t e g i e s  
3.1.1 Coping wi th  u n c e r t a i n t i e s  of r a i n f a l l  : As d e s c r i b e d  e a r l i e r ,  
r a l n f a l l  v a r l a b l l i t y  i n  t h e  SSZ i s  h igh  and one h a s  t o  cope w i t h  a  h igh  
degree  of u n c e r t a i n t y  i n  the  r a i n f a l l  p a t t e r n s  from y e a r  t o  year .  
l l i s t u r i c a l  r a l n i a l l  d a t a  could be ana lyzed  f o r  d e t e c t i o n  of  any p r e d i c t o r a  
of  t h i s  l ~ l l c e r t a l n t y  and f o r  e v a l u a t l n g  c ropping  r i s k s .  Even a t  l o c a t i o n s  
such a s  Niamey w i ~ h  low average  annual r a l n f a l l  (560 am), y e a r s  wi th  more 
favourdble  r a l n f a l l  d i s t r i b u t i o n  do o c c u r  (F ig .  I )  and i t  i s  n e c e s s a r y  t o  
s t r i v e  f o r  product-maximizing s L r a t e g i e s  i n  such  y e a r s .  Hence any 
predJcLors t h a t  could h e l p  i n  e a r l y  i d e n t i f i c a t i o n  of  t h e  r a i n y  season  
p o t e n t l a 1  w i l l  be i m l ~ o r t a n t  i n  d e s i g n i n g  a p p r o p r i a t e  s t r a t e g i e s  f o r  
i n c r e a s e d  food product ion  i n  t h e  SSZ. 
From a n  a n a l y s i s  of parameters  such  a s  t h e  o n s e t  of  r e i n s  and t h e  
1engLI1 of ~ I I P  p;rowlnp, season  f o r  58 l o c a t i o n s  i n  Niger a n d  Burkine Faso 
which f a l l  i n  t h e  S S Z ,  Slvakumar (1988) showed t h a t  t h e  d a t e  of o n s e t  of 
caln.; is an ufieiul  predictor of  t h e  r a i n y  season  p o t e n t i a l .  T h i s  is  based 
0 8 1  ~ l l e  f i n d i n g  t h a t  the  o n s e t  of r a i n s  i s  much more v a r i g b l e  t h a n  t h e  
ending  01 r a i n s .  At Nlamey, t h e  s t a n d a r d  d e v i a t i o n  (s .d.1 f o r  t h e  average  
d a t e  o f  o n s e t  of r a i n s  (12 J u n e )  i s  18 days  w h i l e  t h e  8.d. f o r  t h e  average  
d a t e  of  ending  of r a i n s  ( 2 7  September) i s  12 days .  T h e r e f o r e ,  a n  e a r l y  
o n s e t  of r a i n s  o f f e r s  t h e  p r o b a b i l i t y  of a  l o n g e r  growing s e a s o n  whi le  
de layed  o n s e t  r e s u l t s  l n  a  c o n s i d e r a b l y  s h o r t e r  growing season .  Hence t h e  
p o t e n t i a l  o f  t h e  growing season  can be a s s e s s e d  w i t h  r e f e r e n c e  t o  t h e  d a t e  
o f  o n s e t  o f  r a i n s .  T h i s  i s  i l l u s t r a t e d  i n  Table-2 f o r  Niamey, Nlger  
(da tabase  1904-1988). I f  t h e  onse t  o f  r a i n s  o c c u r s  20 days e a r l y  i . e . ,  by 
24 May,  t l ~ e r e  is a  71% p r o b a b i l i t y  t h a t  t h e  growing s e a s o n  w i l l  exceed 120 
days. On t h e  otl ler  hand. i f  t h e  r e l n s  a r e  de layed  t i l l  beginning  of J u l y ,  
t h e r e  i s  o n l y  a 15% p r o b a b i l i t y  t h a t  t h e  g rowing  s e a s o n  w i l l  exceed  100 
days .  
The above  a n a l y s i s  s u g g e s t s  t h a t  i t  I s  p o s s i b l e  t o  cope w i t h  
u n c e r t a i n t i e s  o f  r a i n f a l l  i n  t h e  SSZ by f o r m u l a t i n g  a l t e r n a t i v e s  t h a t  c a n  
be o f f e r e d  t o  Fa rmers ,  based on t h e  d a t e  o f  o n s e t  o f  r a i n s  i n  a  g i v e n  
y e a r .  A s p e c t s  of a p p l i c a t i o n  o f  t l l i s  s t r a t e g y  a r e  d i s c u s s e d  under  
agronomic marlagemerlt i n  t h l s  paper .  
3.1.2 Unders t and ing  t h e  n a t u r e  o f  I n t r a - s e a s o n a l  d r o u g h t s  : A 1  thorlgll t h e  
d a t e  o f  o n s e t  o f  r a i n s  p r o v i d e s  an  i d e a  r e g a r d i n g  t h e  p o t e n t l a l  of t h e  
growing s e d s o n ,  q u e s t i o n s  s t i l l  remain on t h e  n a t u r e  of d i s t r i b u t i o n  o f  
r a i n f a l l  wit11 t h e  growing s e a s o n .  When a r e  d r o u g l ~ t s  most l l k e l y  t o  o c c u r  
w i t h  i n  t h e  g r o w l r ~ g  Reason and what is t h e  e x p e c t e d  l e n g t h  o f  t h e  d r o u g h t a ?  
Long t e rm d u l l y  r a i n f a l l  daLa c o u l d  be ar ldlyzed t o  answer s u c h  quet;Lioos. 
Sivakumar ( 1 9 8 8 ~ )  used t h e  s p e c i f i c  d e f i n i t i o n  of o n s e t  o f  r a i n s  f o r  eacli 
y e a r  a s  t h e  sowing  d a t e  and computed t h e  l e n g t h  o f  d r y  s p e l l s  ( o r  days  
u n t i l  t h e  n e x t  day  w i t h  r a i n f a l l  g r e a t e r  t h a n  a  d e f i n e d  t l l r e s h o l d  v a l u e )  
and t h e  p e r c e n t a g e  f r e q u e n c i e s  of d r y  s p e l l  l e n g t h s  f o r  150 l o c a t i o n s  i n  
t h e  SSZ. 
The l e n g t h  o f  d r y  s p e l l s  f o r  Ouagadougou, Burk ina  Faso ,  a t  50,  and 90% 
p r o b a b i l i t y  l e v e l s  Eor 10 and 20 mm r a i n f a l l  t h r e s h o l d s  a r e  shown i n  F i g u r e  
3. The c h o i c e  of  t h e  p r o b a h i l i t y  l e v e l 6  r e f l e c t s  t l ie  d e g r e e  o f  c e r t a i n t y  
w i t h  which t h e  d r y  s p e l l  l e n g t h s  c a n  be d e t e r m i n e d .  For  example,  a t  50 DAS 
f o r  t h e  1 0  mm r a i n f a l l  t h r e s h o l d ,  50% of  t h e  d r y  s p e l l s  w i l l  end a f t e r  3.2 
d a y s  ( F l g .  3 a )  w h i l e  90% of t h e  d r y  s p e l l s  w i l l  end a f t e r  8.5 d a y s  (F ig .  
3b). Leng th  o f  d r y  s p e l l s  between 50 DAS and 90 DAS a r e  markedly reduced.  
T h i s  i s  more e v i d e n t  a t  t h e  90 X p r o b a b i l i t y  l e v e l  t h a n  a t  t h e  50% l e v e l .  
The p r e d i c t e d  l e n g t h  o f  d r y  s p e l l s  I n c r e a s e s  w i t h  t i m e  a f t e r  100 DAS. 
'The I m ~ ~ l l c a t i o n s  o f  t h e  above  a n a l y s i s  is  t h a t  i n  t e r m s  of c r o p  
pheno lngy ,  d r y  f i p e l l s  f rom t h e  s t a g e s  o f  emergence of p a n i c l e  i n i t i a t i o n  
(up  t o  30 DAS)  ntl(I g r a i n  f i l l i n g  l a s t  l o n g e r  t h a n  t h o s e  d u r i n g  p a n l c l e  
i n i t i a t i o n  t o  f l o w e r i n g  (30-60 DhS). 
3.2 Unders t and ing  t h e  sandy  s o l l s  and t h e i r  management 
3.2.1 S o l 1  p h y s i c a l  p r o p e r t i e s  : Measurement of t h e  p h y s i c a l  and chemica l  
p r o p e r t i e s  o f  s o i l s  h e l p  unders t and  t h e  s o i l  r e s o u r c e s  and t h e i r  
c o n s t r a i ~ l t s  and I n  e v o l v i n g  s t r a t e g i e s  f o r  t h e i r  managemenc. According t o  
t h e  11.7. 9ysLrm of c l a s s i f i c a t i o l ~  t h e  predominant  s o i l  s e r i e s  a t  t h e  ISC 
a r e  c l a s f i i f i e d  a s  a  Psammentic P a l e u a t a l f  (West e t  a l . ,  1984) ,  
c o r r e s p o ~ i d l n g  t o  "Sol  f e r r i g i n e u s  t r o p i c a u x "  i n  t h e  F rench  sys tem.  The 
t o t a l  sand c o n t e n t  t.; a round  YO%, of which 85% f a l l  w i t h i n  Chep i l ' s  
c l a s s l f i c n t i o ~ i  (quo ted  by  Z a c h a r ,  1982) of s o i l  t e x t u r a l  r a n g e s  w i t h  a  v e r y  
l ~ i g l ~  ( 0 . 1  - 0 .15  mm), t o  h i g h  (0.05 - 0.1 mm and 0.15 - 0.50 mm) p o t e n t i a l  
f o r  wind e r o d a b i l i t y .  The dominant  c l a y  m i n e r a l  Is k a o l i n i t e .  The c l a y  
c o n t e n t  o f  t h e  t o p s o i l  i~ abou t  5 %  g r a d u a l l y  i n c r e a s i n g  t o  6-6% a t  a  d e p t h  
o f  1 .5  m. AS a  r e s u l t  t h e s e  s o i l s  a r e  weakly s t r u c t u r e d .  
'l'lie s o i l  s u r f a c e  i s  g e n e r a l l y  f l a t  and smooth w i t h  a '  n e g l i g i b l e  
r a i n f a l l  s u r l u c e  s t o r e g o  c a p a c i t y .  A  weak c r u s t  may be p r e s e n t .  The s o i l  
s u r f a c e  h o r i z o n  i s  y e l l o w i s h  red t o  abou t  a  d e p t h  o f  30 cm. The Bt h o r i z o n  
c o ~ l s i s t s  o f  weokly s t r u c t u r e d  red  sand  t o  d e p t h s  e x c e e d i n g  2 m. S o i l  b u l k  
-3 
d e n s i t i e s  o f  t h e  t o p  s o i l  r a n g e  from 1.40 t o  1.70 Mg m  c o r r e s p o n d i n g  t o  a  
p o r o s i t y  o f  36% t o  43%. The d e n s i t i e s  a t  t h e  h i g h e r  end o f  t h i s  r a n g e  may 
hamper root development through mechanical resistance. Sub soil bulk 
densities are somewhat lover. 
Rainfall simulation runs on untilled initially dry 1.5 x 1.5 m plots 
-1 
( 3 4 %  slope) demonstrated sustained lnflltration rates of 100 mm hour for 
over 2 hours (Klaij and Hoogmoed, 1989). The saturated hydraulic 
- 1  
conductivity is very high at 150-200 cm dsy . As a consequence these 
soils have a rapid internal drainage, wit11 soll moisture contents reverting 
quickly to field capacity after a rain. Actual runoff on untilled plots 
cropped vith pearl millet (plot size 6 x 24 m, 3-4% slope) was 1.5% at most 
from 1984 to 1987. 
- 3  
The available soll moislure, ranging between 0.07 - 0.10 g cm , 
increases slightly with depth as the clay content increases. Macro 
porosity, the air filled pore space at field capacity, is very high 
ennuring good aeratlon levels. 
3.2.2 Soil Chemical properties : One striking feature of soils of SSZ 
is their inherent low fertility (Table-3), which 1s expressed through their 
low levels of organic matter, total nitrogen end effective cation exchange 
capacity (CEC), The low CEC could be attributed to the low clay contents 
as vell as the kaolinitlc mineralogy of the soils. 
Several investigations have shown that phosphorus ( P )  constitutes the 
major constraint to food.production in the SSZ. Total P contents range 
- 1 -1 
from 25 to 349 mg P kg vith an average of 110 mg P kg (Bationo et a1 
1989b), but these soils can be considered as having relatively low P fixing 
capacity. Only a small amount of P fertilizer is required to satisfy the 
crop needs, due to the low P buffering capacity associated vith these 
3.1.1 L l l l n ~ e ,  I e r ~ l l i z e r  a p p l l c a t l o n ,  c r o p  establishment and y l e l d  : 
Kougl~-11111): L I I P  s1111 < u r f a c e  by L i l l a g e  l ~ e l p s  mlnimlzing wind e r o s i o n  
c l l e ~ l s .  ( I I I  . r lmllnr sn~ltly s o i l s ,  rnodiflcaLLor~s i n  t h e  s o i l  s u r f a c e  e u c l ~  a s  
rld!:l~r~: t n ~ y  r c d ~ ~ r r  s o l 1  l o s s e s  due t o  wind e r o s i o n  by 8s much en 85% 
F y r ,  Y .  F lod~s t  amounts of c r o p  r e s i d u e s ,  cover ing  a s  l i t t l e  a s  
20X ol Ll~r  s r l l l  s , ~ r [ n c e  ( 0 . 6  t  o f  corn  s t a l k s )  reduced s o i l  l o s s e s  by 57% 
( F r y l c - : ~ ~  , I .  ' ~ ' I I P , : ~  a r e  Im1,orLant a s p e c t s  111 minimizing wind e ros ion  
dnrnagc dur 111g c rop  e s L a l ~ l i s l ~ m e ~ ~ t .  
I l ~ ~ w c v r ~ .  tillage i n  dry  c o ~ ~ d i t i o t ~ s  munt be avoided ,  i t  r e q u i r e s  
excesc:lvc- rllrr):y i181d L L  r e s u l t @  i n  a  l o o s e  c o l ~ e s i o n l e s s  top  s o i l  whic l~  i 8  
rXvr!l I I I I V I "  ~ c ~ s c P ~ ~ I  I I > I P  Lo wind erosion. HuL i n  a  m o i ~ t  t d p  s o i l ,  t i l l a g e  i s  
~ . l q y  .IIICI ~ a t . , , < l ~ ~ r p ~  a ~ ~ : ~ s o r > n I ~ I y  s ~ n l l l e  s o i l  s u r f a c e  (Iloogmoed and K l a i j ,  
9 Y )  A.; oxr)lnl  I B P < I  p n r l l p r ,  r e d u c ~ i o n ~  i n  bulk d e n s i t y  arid s o i l  s u r f a c e  
ler,,ll f l c . : ~ l  l c ! t l . i  1 I . S ( L I C I I I ) :  l r ~ m  l i l l a j ! ~  dl) I I O L  have d m l > o r t ~ l l t  impact On 
I I I I .  I l , w c v r ~ ,  I ~ ~ C I C P ~  bulb de11slLy from t i l l a g e  does  n o t  r e s u l t  
I l l  e~tl~.!ni.vcl rl,ol In):, $:I r.:lt e r  access  I o so11 molntrlce, increased  f e r c l l i z e r  
~~j ' tokr . ,  :at111 LI~<. re fc~rp  I I I ~ I I E C  ylelcls  ( C l ~ a r r e a u  and Nicou, 1971; Chopart ,  
1983). ' l l ~ r ~ s e  y le l t l  n , l v n ~ ~ t n g e s  a r e  (most 1)ronounced I n  d r y  y e a r s  ( P i e r i ,  
1985).  
A t  I 11,- I!;(: sr,vc.ral t l  Llage t n e ~ l t o d ~  hnve been evalunLed i n  combination 
W L L I I  ; I , I ~ I I ~ . I , ~ I I  , ,  ~,latrsl,l,orils 1 e r L l l l z e r s  111 terms of p l a n t  e s t a b l i s l i m e ~ i t  and 
I I .  ill la):^ rind c rop  tow orle11Lation i n  t l ~ l s  experiment was 
j~erlne,~<llr,tllnr Lo L ~ I P  l , r e v a l l i n g  d1 .ec t ion  of  e r o s i v e  wi11ds wl~ich u s u a l l y  
nrcotul,;lliy .;Lorm? 111 L I I P  heg1r111lng o f  t h e  season.  Me coml>ared the  e f f e c t s  
01 I , l ~ , w l ~ ~ , :  L O  n  d ~ ~ l ~ r l ~  01 15 cm, r l d g l n g  (75 cm between r i d g e s ,  r i d g e  heiglrt  
I5 c l ~ l )  w 1  1 1 1 ~ 1 1 1  I J L ~ P T  lvrl~nary t l  l l a g e ,  "snndf l g l ~ t l n ~ " ,  ( I n c r e n s i n g  t h e  
surface roughness by creating small depresslona and clods!, and a treatment 
without primary tillage referred to as no-till for their effect on millet 
prod.uction over a 2 year period. 
The treatments were permanently assigned to plots, and were compared 
- I  
with or without the addition of chemical fertilizers: 17 kg P ha pre- 
-1 
sowing and a split application of 40 kg N ha at 3 and 6 weeks after 
sowing. The tillage treatments were carried out at the beginning of the 
rainy season with the first rainfall exceeding 10 mm. Tractor drawn 
equipment was used to ensure maximum seed placement precision (depth) and 
- 1  
repeatability over the years. Thirteen thousand millet hills ha were 
planted in rows 75 cm apart. Plowing and ridging with soil moisture at 
field capacity reduced soil bulk densities in the 0-15 cm layer to 1.22 mg 
-3 
m , thus increasing total soil porosity to 541;. Reconsolidation due to 
raindrop impact during the season proved to be a slow process. 
Penetrometer meitsurements confirmed the persistence of ruducetl bulk density 
through much of the season, two months after plowing, soil resistance was 
still 50% lower than in untilled soil. 
Agronomic results show the important interaction effect oE pre-sowing 
cultivation and fertilizer application. Plowing and ridging improved plant 
stands and yields more when they were combined with fertilizer use. The 
response to fertilizer was moderate in the absence of primary tillage and 
on "aandfought" plots  able-4). As ridging without other primary tillage 
requires considerably lesa tlme and energy than plowing, it seems o be the 
v a t  appropriate technique in helping establishing a pearl millet crop. 
The soil aanagement meaaureu described are effecti:-. on a field ecala 
protecting the land and limiting wind erosion damage. Ideally these 
t a c t i c a l  measures ought t o  be p a r t  o f  a  comprehensive s o i l  p r o t e c t i o n  
s t r a t e g y ,  i n  which c r o p  r o t a t l o n s ,  t h e  (partial) r e t u r n  of c r o p  r e s i d u e s ,  
and wind breaks  a r e  l i k e l y  t o  p l a y  an impor tan t  r o l e .  
4. K&NACEUENT OF SUSTAINABLE MILLET-BASED SYSTEM 
4.1  LulLlvar  cl loice : There i s  scope t o  deve lop  more product ive  and 
s t a b l p  m i l l e t  croppine, systems wi th  t h e  i n c r e a s i n g  a v a i l a b i l i t y  of new 
c u l t i v a r s  wi th  n d l l f e r e n t  p l a n t  type and m a t u r i t y  c y c l e  s h o r t e r  than  the  
t r a d i t  i rmnl c (11  t l v n r  s .  Strcli systems must have t h e  s t a b i l i t y  t y p i c a l  of 
t r a d i L i n ~ ~  systems. Mntr tilng tlie c u l t i v s r s  plienology t o  season  l e n g t h  is 
very Im~borLant i n  ~ ~ r o v i d l n p ,  t h i s  s t a b i l i t y .  C u l t i v a r s  should reach  
m a t u r i t y  b e f o r e  n v a i l a l ~ l e  s o i l  mois ture  i s  exhaus ted .  Given t h e  r a i n f a l l  
v a r i a b l  l i t y  i n  tlie Sudiiro- Saliel ian zone and tlie h igh  p r o b a b i l i t y  of  i n t r a -  
seasirrt d r o u g l ~ t n ,  r n r l y  maturing p e a r l  m l l l e t  v a r i e t i e s  a r e  most l i k e l y  t o  
~prudurr. all r i ~ < p p t a l r l e  y i e l d  i n  most years .  For example, i n  a  v a r i e t y  t r i a l  
conrlur Lerl . I L  t h e  ISC ovet Clve y e a r s  and under adequate  s o i l  f e r t i l i t y ,  t h e  
e a r l y  maturing improved c u l t i v a r  ( C I V T )  o u t y i e l d e d  t h e  l o c a l  c u l t i v a r  
('tleitli K e r i * )  in  f o u r  ou t  o f  f i v e  years .  The c h o i c e  oE t h e  e a r l y  v a r i e t y  
( 9 0 - d , ~ y  c y c l e )  r e s u l t e d  i n  a  mean i n c r e a s e  i n  g r a i n  y i e l d  of 16% a c r o s s  t h e  
f i v e  ye.irs when cnmpared wl th  the  l a t e  maturing l o c a l  c u l t i v a r  (110-day 
c y c l e ) .  
Ear ly  m a t u r i t y  I R  d e s i r a b l e  f o r  two reasons.  F i r s t l y ,  wi th  a  s h o r t e r  
growlrlg season  nlid tlie h igh  p r o b a b i l i t y  of d r o u g h t ,  both a t  t h e  s t a r t  end 
end of tile r a i n y  per iod  (Sivakumar. 1989b). e a r l i e r  v a r i e t i e s  h e l p  t o  avoid 
t t l i s  m ~ ~ i s t u r e  s t r e s s .  Furtlier-more, e a r l i e r  m i l l e t  varieties, such a s  CIVT 
atid ICtI412 (90-day c y c l e )  use l e e s  mois ture  t h a n  t r a d i t i o n a l  c u l t i v a r s  of 
IIU-day d,urdtion such a s  Locnl Sadore (F ig .  4a).  With t h e  h i g h e r  
grain yields the earlier maturing varieties, water-use efficiencies are 
markedly improved (Fig. 4b). Secondly, there is much more flexibility in 
selecting a more tavourable planting time. Both of these advantages result 
in s much lower chance of crop failure and, thus, a more stable cropping 
system. 
4.2 Cropping System Choice : Intercropping and relay cropping systems 
offer alternative cropping strategies to sole crop systems for maximizing 
water use efficiency in conditions where season length and rainfall 
incidence are highly variable. 
Intercropping of cereal and legumes is a common practice by farmers in 
the semi-arid zone of West Africa (Fussell and Serafini, 1985). This 
system has been developed under conditions involving both risk and 
constraints which limit crop production. Farmers use this system as a 
response to scarcity of resources and to lower risks and labor requirements 
(Norman, 1974; Hatlon, 1980). The parity and, often, superiority of 
intercropping over sole crop in terms of insurance from risk, better 
reaource-use and higher returns has been highlighted (Willey, 1979; 
Francis, 1981; Fussell and Serafini, 1985). From the results of recent 
research in the Sudano-Sahelian Zone it has been concluded that 
millet/cowpea intercropping generally improves and stabilizes yields 
Fussell and Serafini, 1987; Ntare et el, 1989). 
Traditional millet cropping systems, however, are expected t o  change 
as improved germplasm of cereals and legumes, as well as other new 
technologiea, become available, and as increasrng population presaure 
deunde more intensive land use and greater productivity from farm labor. 
Willet/cowpea intercropl~lt~g exl>eriments conducted at the 1SC since 1984, 
a r e  denons t r a t i ng  the  importance of  cowpea plant  types i n  improving the  
cropping system. Early maturing (60-70 days) e r e c t  c u l t i v a r s  a r e  l e e r  
compet i t ive  with pea r l  m i l l e t  than f u l l  season c u l t i v a r s  (Table-5). Yiald 
advantages of  up t o  60% have been recorded. M'illet y i e ld s  were not 
g r e a t l y  a f f e c t e d  by the  presence of e a r l y  maturing cowpeas, where s o i l  
fertility and moisture were adequate (1.e. >500 mm of seasonal r a i n f a l l ,  40 
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kg P O Ila added). E a r l i e r  sho r t e r  s t a tu r ed  m i l l e t s  than t he  l oca l  
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c u l t i v a r s  have been sl~own t o  a l s o  enhance cowpea hay and g ra in  production, 
f u r t h e r  improving the product iv i ty  of  t he  system (L.K. Fusse l l ,  personal  
c o m r ~ i ~ t c a t  ion) .  
U t l~e r  changes may include a  gradual change from the  t r a d i t i o n a l  
mlxtures of  c e r e a l s  and legumes towards more s t ruc tu red  and po t en t i a l l y  
more productive cropping systems. These may involve s o l e  cropping i n  some 
case s ,  o r   trip cropping which preserves  the  mul t ip le  crop output of the  
t r a d i t i o n a l  system but i n  a more s t ruc tu red  fashlon,  o r  poss ib le  var ious  
forms of  r e l ay  cropping. Any of  these  may be su i t ed  t o  r ea l i z ing  t he  y i e ld  
p o t e n t i a l s  of  Improved germplasm and o the r  new technologies ( i nc lud ing  AT 
and use of a g r i c u l t u r a l  c l~emica l s ) ,  which can both be more p r o f i t a b l e  and 
a l l e v i a t e  the  land-use presaure of t r a d i t i o n a l  systems. 
In  years  with e a r l y  onset of r a i n s ,  a  complementary syatem t o  
in tercropping i s  the r e l ay  cropping of mi l l e t  with cowpea fo r  hay. This  
s t r a t e g y  assumes , tha t  the farmers' aim i s  t o  harves t  a  t e s t  a t  ISC. 
Sivakumar (1989d) showed tl iat  when the onset  of  r a in s  occurs e a r l y ,  i t  is 
pos s ib l e  t o  e s t a b l i s h  a  second crop of  cowpea f o r  hay. Cowpea enables  
e f f e c t i v e  use of tlie September r a ln s ,  a  l a rge  pa r t  of which would otherwise 
llave evaporated because of  the poor water I~o ld ing  capaci ty  of the s o i l a  a t  
ISC and provides  v a l u a b l e  hay (and p o s s i b l y  g r a i n  i f  r e i n s  c o n t i n u e  i n  
October )  t o  t h e  Farmer. 
Though s o l e  c r o p  cowpea i s  not  a  t r a d i t i o n a l  system i n  t h e  Sudano- 
S a h e l i a n  zone,  i t  a t l l l  h o l d s  promise.. M i l l e t  grows bes t  on land  
prev ious ly  cropped wi th  cowpeas o r  groundnuts ( P i e r i ,  1985). a l though i t  i s  
no t  c l e a r  i f  the  i n c r e a s e d  y i e l d s  a r e  due t o  r e s i d u a l  e f f e c t  of N from t h e  
legume o f  r e s i d u a l  f e r t i l i z e r  P not used by the  legume. There i s  ev idence  
of  a combined r e s i d u a l  e f f e c t  from cowpea and groundnuts (F ig .  5 ) .  The 
r o l e  of legumes such  a s  cowpea and groundnuts i n  t h e  s o i l  N-economy end 
f e r t i l i t y  maintenance cannot be over  emphasized. At ISC, r e s e a r c h e r s  have 
began t o  q u a n t i f y  t h e  b e n e f i c i a l  r o t a t i o n a l  e f f e c t s  of t h e  cowpeas on 
m i l l e t .  As cowpea i s  becoming popular  a s  a  cash  c rop  i n  t h e  r e g i o n ,  i t  i s  
f e a s i b l e  and d e s i r a b l e  t o  use purchased i n p u t s ,  sucli a s  f e r t i l i z e r s  and 
p e s t i c i d e s ,  on s o l e  cowpeo which w i l l  r e s u l t  i n  g r e a t e r  m i l l e t  y i e l d  t h e  
f o l l o w i n g  season  (ICRISAT, 4988).  T h i s  i s  one way of i n t e n s i f y i n g  the  
c ropping  sys tems  whi le  s u s t a i n i n g  and main ta in ing  t h e  s t a b l l i t y .  
4.3 b r o n o m i c  mnnagement : T r a d i t i o n a l l y ,  p e a r l  m i l l e t  is sown a f t e r  t h e  
f i r s t  r a i n f a l l  of more than  10 mm on i n h e r e n t l y  low f e r t i l i t y  s o i l s .  
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M i l l e t  d e n s i t i e s  a r e  low (3000-7000 h i l l s  ha 1 ,  a n  a p p r o p r i a t e  s t r a t e g y  i n  
t h e  absence of added f e r t i l i z e r ,  a s  t h e r e  is l i t t l e  o r  no responae t o  
h i g h e r  d e n s i t i e s  on t h e s e  poor s u i l a  (F ig .  6 ) .  Ilowever, t h e  use of 
f e r t i l i z e r s  w a r r a n t s  a  concomitant  change i n  p l a n t  type  and i n c r e a s e  i n  
m i l l e t  d e n s i t i e s  (F ig .  6 )  and even in te rc ropped  cowpea d e n s i t i e s  ( F u s s e l  e t  
a l ,  1987). Improved m i l l e t  v a r i e t i e s  have been shown t o  be more reapons lve  
t o  h i g h e r  s o i l  f e r t i l i t y  and p l a n t . d e n s i t i e s  than  t h e  t r a d i c l o n a l  v a r i e t i e s  
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hills at low densities (1'000-5000 hill ha ) ,  2-4 weeks later. In this 
system, the competitlve efEects of covpea on millet yields necessiates a 
rather low covpea density. However, both cowpea grain and fodder are 
salable products and this should off-eet the loss in millet yields due to 
intercropping at hlgher fertilities and plant densities. Furthermore, 
increasinl: the density of an early maturing cowpea has been shown not to 
reduce millet yields below that of traditional cowpea/millet intercrop 
(Ntare, 1990 in press). 
Cowpea is sown 2-4 weeks after millet under traditional practices. 
Mlllet/cowpea intercropping research conducted at ISC has shown that thee 
grnln yield from enrly maturing cowpeas is substantially increased when 
sown wit11 or shortly after millet without the intercrop adversely affecting 
millet yield (Ntare and I'ussel, 1988). Planted in this way cowpea grain 
and fodder yields were Iligher in paired rows than single alternating rows, 
whereas mlllet ylrlds were nlmilar to those produced under sole crop. 
6.4 Useof fertilizers on tlre sandy soils : Soil fertility limitation is 
recognize~l as tl~e maJor constraint to increase productivity in the SSZ and 
it is widely speculated that the severity of this constraint is increasing 
because fallow periods are decreasing due to population pressures. 
Altl~ough lack of moisture limits crop production, research results showed 
that soil ferlllity is a more s'erious problem than rainfall (Bationo et a1 
1989b). Table-6 shows that millet yields can be increased three folds if 
the soil fertility can be improved. 
Crop response to nltrogen (N) in the SSZ depends upon the genetic 
potential o f  the plant as modified by agroclimatic and farm management 
factors. Thus nitrogen management tends to be site-epecific and several 
studies have shown that only in the presence of adequate P will the 
response to other fertilizers be found (Traore, 1974). Chrietianaon et a1 
(1988) found that millet response to N was most affected by mid-season 
rainfall over a six week yield sensitive period corresponding to millet 
stem elongation and anthesis. In the past, few studies using 15 labelled 
N 
fertilizer to assess the fate and efficiency of fertilizer N in millet 
productton were reported. Christianson et a1 (1988) found that total plant 
uptake of N was low (20-372) and losses were severe (25-53%). The majority 
of N remaining in the soils was found in tne 0-15 cm layer and the 
mechanism of N loss is believed to have been ammonia volatilization. 
Farmers in the SSZ use very low densities when growing millet in order 
to reduce the risk of crop loss due to low molsture availability (Dancette, 
1983). Bationo et a1 (1989a) found that farmers will gain high benefit 
from N input hy increasing planting density without increasing risk. 
Use of commercial P fertilizers in the SSZ is limited due to the high 
cost of imported fertilizers but several countries in this region are known 
to have phosphate deposits. Direct application of indigenous phosphate 
rock (PR) can be an economic alternative to the use of imported, more 
expensive commercial fertilizers and would allow savings of much needed 
foreign exchange. The effectiveness of PR depends upon its chemical and 
mineralogical composition, and soil factors. According to the 
classification for direct.app1ication of PR proposed by Diamond (1979). the 
PR available from Tahoua in Niger, is medium in its reactivity. By 
acidulating PR with only a portion of sulfuric or phosphoric acid required 
to fully convert the insoluble phosphate to water soluble phosphate 
mnohydrate (Schultz. 1986), the solubility of PR can be increased. Field 
trials conducted at ISC showed that acidulation of PK up to SOX,  can 
i n c r e a s e  i t s  agronomic e f f e c t i v e n e s s  and i n c r e a s e  t h e  c rop  y i e l d s  (Fig.  7 ) .  
Use of a  l i m i t e d  q u a n t i t y  o f  f e r t i l i z e r  ensues  b e t t e r  p l a n t  s tand .  
i n c r e a s e s  t h e  water use e f f i c i e n c y  and c r o p  y i e l d s .  With continuous 
c u l t l v a t l o t ~ ,  s u l p l l i ~ r  d e f i c i e n c y  becomes e v i d e n t  a s  can be seen from t h e  
d i f f e r e n t i a l  response t o  s i n g l e  superphosphate  and t r i p l e  auperphosphate 
whicl~ c o ~ i t a i l ~ s  s u l p h u r  (Fig.  7 ) .  Vlek (1985)  poin ted  ou t  t h a t  i t  i a  
imposs ib le  t o  a s s e s s  t h e  s e r i o u s n e s s  o f  m i c r o n u t r i e n t  deficiencies i n  SSZ 
on tile b a s i s  of the  a v a i l a b l e  d a t a .  
4 . 5  Use crup r e s i d u e s  f o r  water and f e r t i l i t y  management : 
T r a r l l t l o ~ ~ a l l y ,  no11 fertility i n  SSZ has been maintained through s h i f t i n g  
c u l L l v : ~ L i o ~ ~ ,  and Ear~ners abandoned lands  t o  f a l l o w  a s  p r o d u c t i v i t y  
d e c l l n w l .  Picliot e t  a1 (1981)  have shown t h a t  a d d i t i o n  of minera l  
I e r t l l i z e r s  a l o n e  wi th  removal o f  c r o p  res idue  can r e s u l t  i n  y i e l d  d e c l i n e  
wit11 Llme. Addi t ion  of c r o p  r e s i d u e  can de lay  t h i a  s o i l  degrada t ion .  I n  
an experiment a t  LSC a d d l t i o m  oE crop  r e s i d u e s  has improved t h e  y i e l d s  bu t  
the  h i g h e s t  y i e l d  was ob ta ined  witli a  comhination of  o r g a n i c  and i n o r g a n i c  
ametidments (Table-7).  Chemical p r o p e r t i e s  measured a f t e r  f o u r  y e a r s  of 
a d d i t i o n  of c r o p  r e s i d u e s  showed t h a t  c rop  r e s i d u e s  have d r a m a t i c a l l y  
reduced t h e  s o i l  exc l~angeable  a c i d i t y .  Crop r e s i d u e s  a r e  not  commonly 
used f o r  Ll~e maintenance of s o i l  f e r L i l i t y  i n  t h e  SSZ. The problem i s  n o t  
one o f  s t o v e r  q u a l i t y ,  bu t  r a t h e r  i t 8  a v a i l a b i l i t y  because t h e  s t r a w  i s  
used a s  f u e l ,  animal f e e d ,  end a s  housing and f e n c i n g  m a t e r i a l  and l i t t l e  
is l e f t  t o  be re turned  t o  t h e  s o i l .  Research done i n  t h e  s a h e l  on c r o p  
residuO r e c y c l i n g  has sliown t l l e t  c r o p  r e s i d u e s  and f e r t i l i z e r  have a  
complementary r o l e  and t h e i r  s imul taneous  use w i l l  al low b e t t e r  c r o p  
y i e l d s .  h p p l i c n t i o n  of c r o p  r e s i d u e s  is an e f f e c t i v e  means t o  reduce s o i l  
e v a p o r a t t o n  l o s s e s  and improve s o i l  o r g a n i c  mat te r  s t a t u s .  This  p r a c t l c a ,  
if adopted, 1s equally important for sustained soil prpductivity in the 
Sahel . 
5 .  INTEGRATION OF COMPONENT RESEARCH FOR SUSTAINED AGRICULTURE ON AN 
OPERATIONAL SCALE 
From the results of research on various components of millet-based 
production systems described above, scientists at ISC have identified 
components of researcll that shoved promising results (ICRISAT, 1987). 
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these were : application of small quantities of P (13 kg 11a ); use of 
improved varieties of millet (ICMV 5, ITMV 8001) and cowpea (TVX 3236) at 
higher densities'than in the traditional system; ridging with first rain 
and planting on ridges for better establishment and survival of millet; and 
use of animal traction Eor ridging and weeding. 
These individual components were systematically combined and tested 
for four years from 1986 to 1989 in an integrated Operational Scale 
Research (OPSCAR) at ISC. The milletlcowpea intercrop or pure millet was 
rotated with pure cowpea to assess the residual effects of a legume on the 
following millet crop. 
In 1988, rainfall was 700 mm and was well distributed. In 1989. 
rainfall was 623 nun but a dryspell of 3 weeks occurred 111 July-.August. In 
- 1 
1988, the traditional system produced 0.23 t ha of millet grain and 0.91 
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t ha of stover. In~1989thesefigurevwcrr 0.13 and 0.47 t ha 
respectively. 
Yield advantages for millet grain and stover for difEerent com~~,.neath 
of the production systems over the traditional system are presented in Fig. 
8. From tlie point of sustainable agriculture, the effect of rotutlon wes 
most s t r i k i n g  i n  comoarison t o  cont inuous  cropping.  I n  1989, use o t  P, 
improved v a r i e t y  of m l l l e t  and r i d g i n g  wit11 animal t r a c t i o n  gave an 200% 
advantage over  tile t r a d i t i o n a l  system. Rut tire a d d i t i o n  of a  r o t a t i o n  
t rea tment  wit11 s  pure c r o p  of cowpea i n  t h e  s j s t e m  boosted t h e  y i e l d  
advantage t o  400%. 
'The advantages of r o t a t i o n  does not appear  t o  be s o l e l y  from the 
n i t c o g e ~ ~  f i x a t i o n  by t h e  legume and i t s  c o n t r i b u t i o n  t o  t h e  following 
c e r e a l .  There i s  ev idence  from o t h e r  t r i a l s  a t  LSC ( s e e  s e c t i o n  3.2) which 
sugges ts  t h a t  legumes h e l p  enhance s o l u b i l i t y  of  s o i l  phosphorus, and 
f i t a b l l l z e  t h e  pll and o r g a n i c  m a t t e r  conten t  o f  t h e  s o i l .  These d a t a  
d c m o ~ ~ s L r a t e  Ll~e vn111e of r o t a t i n g  t h e  c e r e a l  wi th  a  l e ~ u m e  on t h e  poor, 
sa r~dy  - o i l s  nr~d s n g g r s t  t h a t  s imple  r o t a t i o n s  sucll a s  t h e s e  might provide 
valtlal,le s t r i tLegies  l o r  s u s t a i n i n g  a g r i c u l t u r e  i n  t h e  SSZ.  
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Table-1 : Major soil units and their 
approximate extent in the Sudano- 
Sahelian zone 
Soil type Approximate Percent of 













Table-2 : Probabilities of growing season length 
exceeding specified durations for variable 
onset of rains for Niamey, Niger. 
Date of Length of growing season (days) exceeding 
onact of 
rains 
80 100 120 140 
I2 June 98 71 15 0 
22 June 9 1 40 3 0 
2 July 7 1 15 0 0 
Table-3 : Ueans and ranges of s e l e c t e d  physical and chemical properties of 
s o i l s  i n  the  Sudano-Sahelian zone 
Parameter Range Mean 
pil:ll O (2:L w a t e r : s o l l )  5.2 - 8.2 6.3 
2 
Sand 7 1 . 3  - 99.0 87.3 
Organic matter ( X )  0.08 - 2.94 
- 1 
Total tiitragen (mg kg ) 31 - 1800 
-I 
Exchangeable bases (cmol kg ) 
- 1  
Exclinngeable A 1  (cmol icg ) 0.00 - 14.51 
E f f e c t i v e  cat ion exchange capacity 0.54 - 19.2 3.10 
lable-4 : Effect of pre-sowing cultivation and fertilization on plan 
popultion (in percentage of number of hills survived at harvest) 
and grain yield, ISC, Sadore, Niger, ralny seasons 1985 and 1986 
- I  
X stand at harvest Grain yield (Mg ha ) 
Treatment 
FO Fl Mean FO F L Mean 
Plowing 68 87 7 8 0.254 0.681 0.467 
Ridging , 44 80 62 0.180 0.649 0.414 
Sandfighting 3.1 6 3  4 7 0.089 0.352 0.220 
Zero-ti1 4 2 63 53 0.139 0.402 0,271 
SE t 3 . 3  
- t 2 . 5  - - t 0 . 0 4 0  - t0 .034  
Mean 46 7 3 0.165 0.521 
SE t 1 . 5  
- - t0.015 
-1 
a. FO - no fertilizers added; F1 - 17 kg ha of P fertilizer and 40 kg 
- 1 2 
N ha . Split split plot replicated 4 times, subsub plot size 30 rn . 
Average across 2 years and 3 cultivars 
Table-5 : Effect o£  cowpea plant  type on g ra in  and fooder y ie lda  of 
intercropped cowpea and pear l  m i l l e t .  ISC, Sadore, Niger, rainy 
seasons 1985-86, 1988 
cil'ltlvar Cowpen Cowpea Mil le t  Cowpea Cowpea H i l l e t  Cowpea Covpca Mil le t  
~ r n i n  fodder g r a in  gra in  fodder g r a in  gra in  fodder g r a in  
Extra ea r ly  determinate (60-65 days) : 
IT821160 0.10 0.32 2.04 0.09 0.11 1.30 0.10 0.21 1.01 
IT82D 716 0.12 0.40 2.17 0.10 0.18 1.14 0.19 0.41 0.99 
Early,  spreading inderminate (70 days) : 
l'VX3236 0.40 0.83 1.79 0.20 0.23 1.10 0.22 0.54 0.72 
SIIVITA 2 0.62 1.34 1.55 0.43 0.50 1.13 0.26 0.61 0.77 
Medium matur i ty ,  indeterminate (80 days):  
Late matur i ty ,  indeterminate (120 days):  
Sadore local  - 1.97 0.63 0.03 1.31 0.68 0.17.  1.16 0.68 
Sole mi l l e t  - - 2.24 - - 1.30 - - 1.20 
(CV. CIVT) 
Source : Fussel l  e t  a l ,  (1989) 
Table-6 : Refiults of second year of the  long term s o i l  f e r t i l i t y  management 
t r i a l s  on f e r t i l i z e r s ,  l ime, crop res idue ,  secondary micronutrients 
and manure on pear l  m i l l e t  g r a in  y i e ld ,  Sadore, Niger, Rainy 
season, 1988 
Treatments Grain y ie ld  
-I 
( t  ha ) 
Control 
S ingle  .Superphospliate 
T r ip l e  Superphosphate 
SSP + N + K + MgO + ZnO 
SSP + N + K 
SSP + N + K t lime every three  years 
SSP + N + MgO + ZnO - 1 
Crop res idue  each year ( 2  ton8 ha ) - 1 
SSP + N + crop res idue  each year ( 2  tons ha 
-I 
Manure every three  years (10 tons ha ) 
SSP + N + K + MgO + ZnO + lime every three  years  
SSP + N + K + MgO t ZnO + lime each year + Manure 
three  uears + lime every three  years 
SE (2) 







rable-7 : Effect of application of pearl millet crop residues over a 4-year 
-1 
period (1983-86) on grain yield (kg ha ) of pearl millet, and soil 
cliemical properties measured at the end of the 1986 rainy season, 
ISC, Sadore, Niger 
tirnln Dray P pll (KC1 Organic Total N Ca+Mg Al+H 
- I  - 1 
rreattncnt yield (mg P kg suspen- matter (mg kg (ckol satura- 
- 1 -1 
kg ha soil) sion) ( X )  soil) kg tion 
Control 56 2.6 4.1 0.24 126 0.43 48 
Crop residue 743 3.0 4.4 0.29 155 0.68 20 
Crop residue and 
fertilizers 1532 8.1 4.4 0.33 171 0.72 16 
SE (5) 66 0.46 0.04 0.01 8 0.34 3 
(@PO I 3 0  m4O *SO 1WO lW0 two 
mar 
Figure  1. Annual r a i n f a l l  v a r i a t i o n  a t  a )  Niamey, Niger 
b )  Ouagadou~ou,  Burkina Faso and c )  Kayes, Mali l o c a t e d  




I- Genotype x dens I i y  
Genotype x dens i t y  
Fertilizer level (kg/ha): Density (hills/ha): Cenotyp~: 
F O = O N : O P ~  2 5 Dl = 5000 GI = Sndore Lo 
F1 = 23 N: 20 P 0 2 5 D2 = 10000 C2 = CIVT 
F2 = 46 N: 40 P205 DS = 20000 CJ = I C H  312 
Figure 1. The effect of fertilizer, denslty and genotype on (n) t o !  
seasonal evnpotranspiration and (b) graiti water use eff~ciencies 1 
pearl millet. ISC, Niger, rainy season 1905. (source: Fussell e t  
1989) 
Flgure5. Effect of crop rotation end nitroeen fertilizer on 
grain yleld of pearl millet after one cycle of the rotation. 
Tara, Niger, 1989. 
-- 
Fert i I izer x density 
Fertilizer level (kg/ha): Density (hille/he): 
Fo = 0 N: 0 P205 D l  - 5000 
F1 = 23 N: 20 P205 D2 - 10000 
F2 - 46 N: 40 P205 D3 - 20000 
Figure 6. Variation in grain yield of pearl millet in different 
years due to fertilizer and density. ISC. Niger, rainy season 
1984-86. (Source: Fussell at al., 1989) 
- PMIE W Phosphate Rock 
- - - -- PARC W Phosphale Rock Acidulaed al 25% 
-.- PARC W Phosphate Rock Acidulated at 50% 
-- Wpb Superphorphate 
0-4 Single Sope~hosph8le 
Single Suparphosphale Withoul N Application 
Pbosphwus Applied (kp PzO, ha.') 
O - .259 + .01179 P R = .72 RSE = .I60 
----- O .266 + .01157 P R - .66 RSE = .I95 
- .- P = ,239 + 91976 P R r 86 RSE - .I72 
- - Y = ,273 + 03324 P - .00038 Pa R = 8 3  RSE = .I97 
c- Y = 262 + ,05163 P - XXX)69 Pc R * 8;! RSE .I .2?0 
0- 9 = .256 + .03741 P - X)o55 PI R = 8 5  RSE = .I65 
F l ~ u r e  7 .  Effect of Phosphorus Sources and rates of 
Application on Pearl Millet Grain Yield, Sadore, 
Niger, Rainy Season 1988. 
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